ABSTRACT Egg productlon rates of the copepods Centropages typ~cus, Clacisocalanus h v~d u s and Temora styhfera were determined In the temperate ohgotrophic western Mediterranean during late spring and early summer Egg production appeared to be severely limlted and related to the concentratlon of >5 pm chlorophyll Although phytoplankton can partially explain the observed gradlent in egg productlon from coastal waters towards the open sea, ~t 1s not sufficient to explaln the recorded e g g production rates, and other non-pigmented items (m~crozooplankton) must be important components of the copepod diet Copepod growth rates appeared uncoupled to the pattern In copepod abundance from coastal to oceanic waters suggesting the role of other factors such as predation or advection in determining their dlstributlon
INTRODUCTION
One of the main issues throughout the history of marine zooplankton ecology has been the determination of copepod production, the study of its variability and the attempt to ascertain which physical and biological factors have an influence on it. Laboratory studies have shown that food availability and temperature are 2 major factors controlling copepod productivity (e.g. Smith & Lane 1985 , Ban 1994 ). However, although in the oceans these variables must also control the growth and dynamics of copepod populations, natural environments are not as simple as most laboratory situations, and the relationships might not be straightforward. For instance, variables such as food availability can be difficult to quantify or even define in the field (Owen 1989 , Jonasdottir et al. 1995 . Other factors, such as advection, predation and natural mortality (aging), can be crucial in understanding the fate of copepod populations in the oceans (Kimmerer & McKinnon 1989 , Ohman et al. 1996 .
Even though studies on copepod (egg) production are abundant in the literature, they are biased towards coastal environments and cold, temperate and high latitude seas, i.e. the North Atlantic (e.g. Tiselius et al. 1991 , Plourde & Runge 1993 . There is a lack of studies on oligotrophic tropical and warm-temperate seas such as the Mediterranean, which are more likely representative of the major part of the open oceans in the world (Chisholm & Roff 1990a , Calbet et al. 1996 , Hopcroft & Roff 1998 . This scarcity of information in such ecosystems denotes a significant limitation of the predictive power of current models for estimating copepod production (Huntley & Lopez 1992 , K i~r b o e & Sabatini 1995 , Hirst & Sheader 1997 , Hirst & Lampitt 1998 .
In this study we determined the abundance and growth rates of copepods during late spring-early summer in the Catalan Sea (western Mediterranean). We conducted the study along a coastal-open ocean transect where changes in biological and physical parameters would be expected to affect the dynamics of copepod populations. Besides the presence of a gradient in primary production from coastal waters to the open ocean (Estrada 1996) along the shelfbreak area of the Catalan Sea, there is a density front associated with the southwest flowing Ligurian-Provencal-Catalan current. Although for most of the year thermal stratification overrides the frontal signature at the surface, this area is characterized by high hydrodynamic activity at the mesoscale (Salat 1996) .
Our aim was 2-fold: (1) to quantify copepod egg production rates in the Catalan Sea in order to address this lack of knowledge on the growth rates of copepods in oligotrophic seas; and (2) to determine how the egg production rates of copepods respond to a gradient in food availability from coastal to oceanic waters in order to ascertain which factors are mainly responsible for the driving of copepod production. Furthermore, some aspects related to the life strategies of the species studied are also discussed.
MATERIAL AND METHODS
Area surveyed. Sampling took place in the Catalan Sea on 2 consecutive cruises conducted in June 1995: VARIMED-95 (RV 'Hesperides', June 3 to 13, 1995), and FRONTS-95 (RV 'Garcia del Cid', June 18 to 23, 1995) . Three transects perpendicular to the shoreline were visited (Fig. 1) . Each transect was comprised of 3 stations: 1 station in shelf waters, a second on the shelfbreak at the margin of the Liguro-Proven~al-Catalan current, and a third station in oceanic waters in a dome-like structure halfway between Barcelona and the Balearic Islands. In the VARIMED-95 cruise the sampling was restricted to the central transect. In FRONTS-95 sampling was conducted twice in the central transect, and once in the other transects. For data analysis, the 3 transects were pooled, and the stations in each corresponding area considered as replicates. This procedure resulted in 8 replicate visits to the shelf station, 7 to the shelfbreak, and 8 to the oceanic station.
Description of sampling. Temperature, salinity and in situ fluorescence were recorded with a Neil-Brown MARK-V CTD (VARIMED-95), and a Seabird-25 CTD (FRONTS-95), both equipped with a Sea Tech fluorometer. Water samples for the determination of chlorophyll concentration at chosen depths were filtered on GF/F filters and 5 pm membrane filters and kept frozen until analysis. Chlorophyll a was determined by fluorometry on acetone extracts. Depth-weighted average concentrations for the water column were computed using photic zone data only (from the surface to 60-70 m depth).
For the determination of mesozooplankton abundance, a double WP2 net (56.5 cm mouth diameter, 200 pm mesh size) was towed vertically at 30 m min-' No corrections were made for filtering efficiency. For collecting live zooplankton, the nets were towed from 80 m depth (or near the bottom when shallower) to the surface at 10 m min-'. In this last case, the nets were fitted with 5 to l 0 l plastic bags as cod ends to prevent damage to organisms. Once on deck, the contents of the bags were poured into coolers and taken to the lab for sorting. Egg production experiments. Egg production rates were determined for the free-spawning copepods Centropages typicus, Clausocalanus ljvidus and Temora styljfera. Paracalanus parvus was abundant, but most individuals had broken antennae due to sampling and this species was not used for the experiments. Egg-sac carrying species (e.g. Oithona spp. and some species of Clausocalanus) were also abundant, but we did not consider them because of methodological problems with the determination of field egg production rates in sac-spawning copepods (for instance, the difficulties in obtaining an in situ estimate of the time between successive clutches).
Copepods were sorted using a stereomicroscope, and groups of 4 (occasionally 3 or 5) adult females of each species were transferred to 625 m1 bottles previously filled with water from the fluorescence maximum (in situ water). This water had been screened through 53 pm Nitex by reverse f~ltration in order to remove eggs and zooplankters. Usually 4 replicate bottles for species were prepared for each visit to the stations. On some occasions (26% of the visits), 5 or exceptionally 6 replicates were prepared. When adult females were very scarce, only 2 to 3 replicate bottles were prepared (26 % of the visits). Control bottles with no added copepods were set up to take into account any eggs left after the screening. If any mortality was detected in a bottle, it was discarded, except when no eggs were laid, since in this case egg production rates for the remaining live individuals would not be biased.
The experimental bottles were kept on deck in an incubator with surface water running through. Temperature in the incubator oscillated between 18 and 20°C during the VARIMED-95 cruise and between 20 and 22°C during the FRONTS-95 cruise. The incubations were performed under the natural light cycle; however, light was dimmed by opaque plastic sheets. The bottles were gently stirred by being turned upside down several times during the incubations to prevent settling of algae. After ca 24 h the contents of the bottles were filtered onto 20 pm sieves, the animals checked for activity and eggs and copepods preserved for counting and measuring later in the laboratory. When empty shells appeared because of egg cannibalism, they were also accounted for. Egg diameter was determined under an inverted microscope with the aid of a micrometer eyepiece. Cephalothorax length of the copepods was measured on video pictures, digitized with a frame grabber and analyzed with the software NIH Image.
Egg and female carbon contents were estimated from their size and length-weight relationships in the literature (egg: carbon content = 0. (Parsons et al. 1984) .
Egg production rates were expressed as individual rates (eggs laid per female per day) and finite weightspecific fecundity (G, d-') . Average and maximum values between replicate bottles for each visit to the stations are shown. Instantaneous specific growth rates (g, d-') were computed as g = ln(G + 1) (Chisholm & 
Roff 1990a).
Occasionally, 2 additional experiments were conducted with natural populations of Centropages typicus. First, in order to investigate potential food limitation, the in situ water was enriched with a suspension of the autotrophic flagellate Rhodornonas baltica (7 ppm by volume) prior to incubation. These incubations were run for 3 d and egg production was determined daily. A second experiment was conducted to determine the effect of temperature on egg production. Our aim was to determine the potential bias in our estimates of egg production rates as a result of conducting the incubations in surface water (ca 20°C) instead of the range of temperatures which the copepods must experience through die1 vertical migration. In the case of the western Mediterranean, a deep mesozooplankton maximum is located at the base of the pycnocline during daytime, in relation with the deep chlorophyll maximum; at night this zooplankton maximum is located in upper waters (Alcaraz 1985) . For this experiment, 4 replicate bottles filled with enriched in situ water (R. baltica, 7 ppm) and 4 individuals each were incubated for 2 d at 4 different temperatures: 13, 16, 20 and 25°C. The number of eggs laid was checked at 24 and 48 h. During our study the temperature at the depth of the deep chlorophyll maximum was ca 13.5 to 14°C.
RESULTS
A representative vertical density profile along the central transect is shown in Fig. 2 . A conspicuous feature of the profile is the presence of a density front at the shelfbreak associated with the Catalan-LiguroProvencal current. This density front was masked by thermal stratification in surface waters.
Dlstance from the coast (miles) There was a linear relationship between total (GF/F) and > 5 pm chlorophyll concentrations (Fig. 3a) , which differed between shelfhhelfbreak waters and oceanic waters. Ocean water chlorophyll had a much lower contribution of > 5 pm particles (ANCOVA; slopes significantly different, p < 0.001; intercepts not different, p > 0.1). As a consequence and in spite of the fact that total chlorophyll concentration tended to increase offshore, the concentration of > 5 pm chlorophyll was significantly higher at the shelf and shelfbreak stations than at the oceanic station (Fig. 3b) .
Mesozooplankton and copepod abundance (Fig. 4 ) did not differ among shelf, shelfbreak and open sea waters, and were independent of daytime (2-way ANOVA tests for the mesozooplankton and the copepod integrated abundances; the factors were daytime, stations and their interaction; in all cases p > 0.1, even when the tests were conducted without an outlier value for the shelfbreak stations). However, copepods represented 59 and 66% of mesozooplankton at the shelf and shelfbreak waters respectively, while at the oceanic station they made up to 78 % of the individuals (Table 1) .
Centropages typicus, Paracalanus parvus and Clausocalanus spp. were the dominant copepods in mesozooplankton, followed by Oithona spp. and Temora stylifera (Table 1) . No conspicuous differences were evident between the 3 groups of stations regarding the composition of the copepod community. Body and egg sizes of the copepod species used for egg production are presented in Table 2 . Fig. 5 shows the average and maximum egg production rates of Centropages typicus, Clausocalanus lividus and Temora stylifera. Average and maximum egg production rates of C. typicus and C. lividus did Oithona sp. not differ between shelf and shelibreak waters (C. typicus: Tukey-Kramer HSD test, p > 0.05 for both average and maximum rates; C. lividus: Welch ANOVA for unequal variances, p > 0.1 for average rates, Tukey-Kramer HSD test, p > 0.05 for maximum rates), and both differed from the oceanic ones, which were lower (C. typicus: l-way ANOVA, p < 0.02 and p < 0.007 for average and maximum rates respectively; C. lividus: Welch ANOVA for unequal variances, p < 0.03 for average rates, I-way ANOVA, p 0.032 for maximum rates). T. stylifera did not show differences in egg production rates between stations (p > 0.1). Specific instantaneous egg production rates showed the same pattern as the per individual rates (Table 3) .
No clear trends appeared between total chlorophyll concentration and average egg production rates in the different visits to each area (Fig. 6 , linear regression analysis, p > 0.05 for each species). A significant tendency towards higher egg production rates at higher concentrations of > 5 pm chlorophyll (which corre- Clausocalanus lividus also showed the highest average egg production rates at high > 5 pm chlorophyll concentrations, but the relationship was not significant. Scatterplots of maximum egg production rates showed a similar pattern to the average ones, with no signifi- At the end of the study period (FRONTS-95 cruise) we observed a remarkable mortality of Centropages typicus during the incubations (30 %, while it was 3 % in the VARIMED-95 cruise), occasionally affecting all the individuals in the bottle. The surviving individuals frequently appeared slow moving and generally in poor shape. This fact was quite unexpected because through the previous experiments mortality had been negligible. This mortality appeared to be natural and not due to handling. Concurrent incubations with Temora stylifera and Clausocalanus lividus succeeded with no mortality. We also kept juvenile C. typicus in the same conditions with no mortality observed.
It is worth mentioning that these females, despite dying or being in poor condition (barely swinlrning), continued laying eggs at rates of up to 28 eggs female-' d-' in bottles where all females had died at the end of the 24 h incubation. Egg production rates of Centropages typicus based on bottles with mortality did not differ significantly from egg production rates computed from bottles with live animals only, i.e. the usual procedure (Fig. 7, 2 -way ANOVA, p > 0.1). Table 4 shows the response of egg production to the enrichment with Rhodomonas baltica. The increase in egg production rate due to enrichment (expressed as %, based on the average egg production integrated for 3 d) tended to be highest for the populations of Centropages typicus at the oceanic stations. The time lag to achieve the highest increase in egg production rates seemed to be longer (ca 2 d) for the oceanic C. typicus.
The effect of temperature and acclima- tion time on egg production rates is shown in Fig. 8 . During the first day of incubation the highest egg production rates were achieved at 16"C, although differences seemed to require a longer period (at least 2 d) to be reflected in egg production rates. One of the goals of this work was to increase knowledge of the instantaneous growth rates of copepods in oligotrophic and warm seas and put them in a context with previous work in other areas. In this sense, although egg production has been used in the literature as an estimator of copepod growth rate under the assumption of similarity between juvenile and adult growth rates (Sekiguchi et al. 1980 , Berggreen et al. 1988 , there is evidence that this may not be true in the field , Hirst & Lampitt 1998 , Hopcroft & Roff 1998 This lack of similarity can be a consequence of: (1) size-dependent differences in food availability, and (2) the fact that ensemble egg production rates based on the incubation of groups of females might also include adult females which are not fertile (Hay 1995 , Ohman et al. 1996 . Thus, maximum egg 24 h acclimation), the highest egg production rates for Centropages typicus were achieved at 20°C. Temperatures of 25°C had a nega- rience a range of temperatures through their die1 verti- Table 5 . Clearance rates on 1 5 pm pigmented food items (m1 swept clear ind.-' d-') required to sustain the maximum egg production rates found during the study cal migration from ca 13.5-14°C (when they are close to the deep chlorophyll maximum during the day) to warmer surface waters at night, the procedure of conducting the incubations for 24 h in surface waters (ca 20°C) did not affect the estimated copepod egg production rates. Changes in incubation temperature production rates are probably more related to juvenile growth. Our estimated maximum egg production rates were 42 to 104 % higher than the average ones. These maximum egg production rates are not actual maximum rates of single individuals, but maximum rates between replicated bottles for each station; they are 'per bottle data' based on several copepods incubated in the bottle. Nevertheless, they should be closer to juvenile growth rates than the standard average egg production rates are and very likely less subject to bias than maximum rates estimated on single individuals. An initial comparison indicates that the range of egg production rates found in our study are within the values reported in the literature for these or related species . The egg production rates presented here for Clausocalanus Lividus are, to our knowledge, the first for this species. The reports on egg production rates for the genus Clausocalanus by Sazhina (1985) and Webber & Roff (1995) are for sac-bearing species of this genus (see Saiz & Calbet 1999) . A proper comparison of the copepod growth rates obtained in this study with data from other areas is not easy because it depends on temperature, food availability, body size and species specificity. We have attempted this comparison by applying recent global models for predicting growth rates of broadcastspawning copepods in the oceans ( (-.l second day incubation. The average egg production rate (k SE) of copepods incubated in natural, non-enriched water (in sltu) is also included for comparison ( L , 20°C) saturating food conditions. It predicts maximum expected adult growth rates as a function of body size, and explains 30% of the variance of the data. The models of Hirst & Lampitt (1998) provide expected growth rates of juvenile and adult copepods in a variety of natural habitats as a function of body weight and temperature. Respectively, 54 and 43% of the variance in juvenile and adult growth rates are explained by them. Table 6 shows the model predictions for instantaneous specific growth rates of Centropages typicus, Clausocalanus lividus and Temora stylifera. Although caution should be used concerning the prediction accuracy of these models, which can be of roughly an order of magnitude (Hirst & Lampitt 1998) , the growth rates found in our study (Table 3) were overall much lower than the predictions from both models (Table 6 ). This comparison suggests that during our study copepod egg production was strongly limited, very likely by food availability. This conclusion is also consistent with the results from our enrichment experiments. Unfortunately, the models of Hirst & Lampitt (1998) did not take account of any independent variable related to food availability, which would have allowed further analysis and a comparison between oligotrophic and non-oligotrophic systems.
Total (GF/F) chlorophyll did not appear to be a good estimator of food availability. As most copepods feed inefficiently on particles smaller than 5 pm (Berggreen et al. 1988) , when both total and > 5 pm chlorophyll follow different distribution patterns (in time or space), total chlorophyll becomes a poor estimator of food availability for copepods (Dam & Peterson 1991) . The concentration of >5 pm chlorophyll seemed to be one of the main factors controlling egg production rates in our study. Thus, the decrease in egg production rates Table 6 . Instantaneous specific growth rates (g, d-') predicted from global models of copepod growth rates for average Centropages typicus (5 0 pg C), Cla~~socalanus ljvidus (8.7 pg C ) and Temora stylifera (1 1.6 pg C) at 20°C. Models I and 2 are from Hirst & Lampitt (1998) for in situ copepod growth rates.
Model 1 is for adult female of broadcast-spawn~ng copepods; it is body-weight dependent and temperature independent. Model 2 is for juvenile broadcast-spawnmg copepods; the model is body-weight and temperature dependent. of Centropages typicus and Clausocalanus lividus along the transect paralleled the decrease in > 5 pm chlorophyll concentration. The lower egg production rates observed in oceanic waters were consistent with the fact that those copepods required a longer time to achieve higher egg production rates after food enrichment. Both facts suggest that th(h copepods from the open sea were in worse condition regarding food availability.
In spite of this decrease in ensemble average egg production rates coinciding with the changes in > 5 pm chlorophyll through the transect, the statistical relationship between egg production rates and > 5 pm chlorophyll concentration was weak or absent when considering all of the individual data together (instead of the ensemble averages). This lack of a significant relationship in the regression analysis was probably due to the scatter in the data and also to the small range of chlorophyll values found during the study (total chlorophyll: depth-weighted averages from 0.29 to 0.66 pg 1-'; >5 pm chlorophyll: from 0.09 to 0.27 pg 1 -l ) .
We cannot disregard the possibility, however, that other non-pigmented potential food items might follow a similar inshore-offshore gradient and be partially responsible for the egg production observed. Assuming a gross growth efficiency of 40% ( f i~r b o e et al. 1985) and a phytoplankton carbon:chlorophyll ratio (C:chl) for the northwestern Mediterranean (Delgado et al. 1992, Arin pers. comm.) between 10 (which would be close to values for the deep chlorophyll maximum) and 40 (which would be close to surface values), and given the availability of pignlented food items (based on chlorophyll > 5 pm), it appears that chlorophyll concentration is not always sufficient to explain the observed egg production rates (Table 5 ). The unrealistic clearance rates on pigmented items required, particularly for Centropages typicus in shelf and shelfbreak waters, suggest an important contribution of inicrozooplankton to the copepod diet in order to fulfil1 the carbon requirements for egg production.
In the case of Temora stylifera, the lack of such a trend in egg production rates from coastal to open sea waters is not clear. It might be a consequence of a restricted data set, due to the limited number of visits where adult females were found. The scarcity of this species during the cruise is related to its seasonal pattern of abundance in the western Mediterranean (Mazzocchi & Ribera d'Alcala 1995) .
The Catalan Front, associated with the shelfbreak, has been suggested to be an area of higher production within the relative oligotrophy of the Mediterranean (Estrada 1996, and Boucher et al. 1987 for the Ligurian Sea Front). Previous studies in this area have shown that some groups of zooplankton tend to concentrate in the vicinity of the hydrographlc front, while their distribution was more heterogeneous in coastal waters (Boucher 1984 , Sabates et al. 1989 , Saiz et al. 1992 , Sabates & Olivar 1996 . Our data showed that mesozooplankton and copepod abundance (integrated for the water colunln) in shelfbreak waters was similar to shelf and oceanic waters. This discrepancy might be a consequence of a non-optimal design of our sampling for the study of frontal processes, because we had a station located geographically at the shelfbreak, whereas the position of the front might change. It is also possible that in summer and during other periods when stratification overrides the density front at the surface, the effects of the front might be smaller.
One interesting aspect of these results on egg production and copepod distribution is that, in spite of higher egg production rates in shelf and shelfbreak waters, copepod abundance was not significantly higher in those waters compared to the oceanic stations. During the same cruise, the distribution of microzooplanktonic copepods (>53 pm) showed a similar pattern to that of mesozooplankton, with no significant differences between stations (Sabates pers. comm.) . This uncoupling between egg production (growth rates) and abundance (biomass) suggests that mortality and/or export of populations must be higher in these waters than in the open sea. Available data for predation rates on copepods by fish larvae (Sabates pers. comm.) and chaetognaths (Duro & Saiz in press), however, suggest that predation pressure by these organisms at the time of the study was higher in oceanic waters. We have no information on other potential predators.
Our Q l o value for egg production of Centropages typicus was higher than values reported for juvenile development and growth of copepods (see Kierrboe & Sabatini 1995), as well as the value of 2.9 for egg production of Calanus glacialis (Hirche & Bohrer 1987) ; however, it was similar to the value found for another small neritic copepod (Acartia grani, Q l o = 4.4, Saiz et al. 1998 ). These high values suggest both life-strategy specific and among-physiological process differences in the response to changes in temperature. However, the scarcity of copepod data on Q, , values for egg production and other metabolic processes precludes any further discussion.
Finally, our observation of natural mortality associated with significant e g g production is remarkable. Two interesting facts arise from this observation:
(1) In spite of being senescent and dying within the same day, the females were still laying eggs. This fact indicates that the post-reproductive period of the females (sensu Ohrnan et al. 1996) was practically nonexistent for this species. Carlotti et al. (1997) also reported that for Centropayes typicus '...some females still produced a large number of eggs the day before their death'. According to Ohman et al. (1996) , mortality rates play a very important role in modulating the fecundity of copepods due to changes in the demographic composition of adult females (from females in the pre-reproductive period to females in the reproductive and post-reproductive periods). A very short or absent post-reproductive period would imply no effect of reasonably low mortality rates on fecundity. If this were the case, fecundity would be expected to be driven mainly by temperature and/or food availability. This prediction agrees with the observed relation between egg production rates (fecundity) and availability of >5 pm chlorophyll, given the small differences in temperature between stations.
(2) The eggs laid by senescent females were most likely viable. We did not conduct any test on the hatching success of these eggs, but they were mainly of the spiny form, which seems to be the normal and viable form of eggs of Centropages typicus (Carlotti et al. 1997) .
In this study, we have shown that copepod egg production in the western Mediterranean in late spnngearly summer is strongly limited and linked to the concentration of >5 pm chlorophyll. However, the amount of pigmented food items is not sufficient to explain the recorded egg production rates, and other non-pigmented items must be important components of the copepod diet. The patterns in copepod production observed do not seem sufficient to explain the distribution of copepods from coastal to oceanic waters. Other factors, such as advection and predation pressure, should be taken into account in explaining the distribution pattern.
